The process of genome DNA injection, after adsorption, by phage PL-1 into host cells of Lactobacillus casei was monitored by using the electron microscope. Injection of DNA was inhibited by the protein-synthesis inhibitors chloramphenicol and erythromycin at concentrations where the colony-forming ability of cells not infected by phage was unaffected. The results suggest that protein synthesis may be involved in some way in the process of genome injection.
Introduction
Information on the initial stages of infection by bacteriophages with a long non-contractile tail, especially on the process of genome injection after adsorption, is much less extensive than that for phages with a contractile tail sheath, such as T-even coliphages. These contractile tail sheaths play an important role in the injection of the phage genome into the host cell (Goldberg, 1980) .
We have been investigating the mechanism of genome injection by phage PL-1, which has an icosahedral head with a long non-contractile tail, into the host Lactobacillus casei by determining (i) the amounts of 32P-labelled phage not sheared from the phage-adsorbed cells by blender treatment (Hershey & Chase, 1952) , (ii) the number of plaque-forming phage-cell complexes after blending (Watanabe et al., 1979) , (iii) the hostkilling ability of the phages (Watanabe & Takesue, 1972) , and (iv) the number of ghost particles with empty heads observed by electron microscopy (Watanabe et al., 1987) . These studies have demonstrated that the process of genome injection is dependent on Ca2+ and a high intracellular concentration of high-energy compounds such as ATP.
In the present paper, we have examined by electron microscopy the effects of some protein-synthesis inhibitors on the process of genome injection.
Methods
Phage and bacterial host. Phage PL-1 and its host Lactobacillus casei ATCC 27092 have been described previously (Watanabe et al., 1970 (Watanabe et al., , 1982 .
Phage genome injection. Cells were infected with phages in MR medium (pH 6-0) (Murata et al., 1969) at 37 "C during the exponential growth phase (OD600 = 0.35, about 2.5 x lo8 c.f.u. ml-*) at a multiplicity of infection of about 100. When the effects of protein-synthesis inhibitors were tested, they were added to the cell suspensions either before, at the same time or after the cells were infected with phages. The extent of PL-1 DNA injection was determined from the increase with time in the number of ghost particles with empty heads among phages already absorbed to the cells. Chloramphenicol was purchased from Sankyo and erythromycin was from Sigma.
Electron microscopy. After fixing the phagexell complexes with 2% (v/v) glutaraldehyde at 0 "C for 90 min, and washing by centrifugation, the pellets were suspended in TMB-Ca (50 mM-Tris/maleate buffer, pH 6.0, + 10 mM-CaC1,) and negatively stained with 2% (w/v) uranyl acetate for electron microscopy. The electron micrographs were taken with a JEOL-100C electron microscope at 80 kV.
Results and Discussion
Most of the input phages were adsorbed to the cells almost instantly and in a tail-first orientation, irrespective of the presence of antibiotics. After appropriate times, samples of the infected cell suspensions were removed and fixed with glutaraldehyde for electron microscopy. The proportion of ghost particles having an empty head (which were easily distinguished from intact phages with tightly packed DNA) among the total phage particles adsorbed to a cell [ghost/(intact + ghost) x 1001 was determined for 20-30 separate cells from each sample. Each cell was usually observed to adsorb on average about 40 phage particles. infection. In a control experiment without the addition of antibiotics, the extent of PL-1 DNA injection increased with time up to a maximum of about SO%, and was usually completed within 60 min. By contrast, when the host cells were pre-incubated with the drugs for 60 rnin at 37 "C prior to infection, the extent of DNA injection decreased with increasing drug concentration. The concentrations of drug required to decrease the number of ghost phages by half were about 7pgml-l for chloramphenicol and 1-5 pg ml-l for erythromycin. Cell suspensions treated for 60 min with these antibiotics, but not subsequently infected with phages, showed no reduction in viability when diluted and plated onto MR agar plates. This confirmed that under the conditions used, these antibiotics have no bactericidal effect and protein synthesis resumes in antibiotic-treated cells.
At various times after the infection of cells with phages, chloramphenicol was added to a final concentration of 2.0 mg ml-l, and, at intervals, the phage-cell complexes were observed by electron microscopy. Fig. 2 shows the changes with time in the number of ghost phages, i.e. the extent of PL-1 DNA injection, with or without c hloramphenicol. When chloramp henicol was added immediately after mixing the cells with phage suspension, the extent of DNA injection was similar to that seen when chloramphenicol was added to the cells 60 min before infection. However, when chloramphenicol was added to the cells 10min after the phages (which had already started to inject their DNA), injection was not affected. Thus the inhibitory effect of chloramphenicol on DNA injection was observed only when added before DNA injection. These results suggest that protein synthesis in the host cells may be required only for initiation of PL-1 DNA injection and not injection itself, although there is the alternative possibility that the process possibly driven by transcription, as suggested for other systems, may require protein synthesis.
Then, 10 rnin after cells had been infected with phages in the presence of chloramphenicol, the stabilized cellphage complexes were freed from chloramphenicol by centrifugation and resuspension in fresh MR medium. Incubation was continued. The resuspended cells underwent infection at the same rate as control cells which had not been exposed to chloramphenicol (Fig. 2) .
Transfer of the genomes of phages lacking a contractile tail sheath from the phage head to the host cytoplasm has been reported (Roessner et al., 1983; Filali Maltouf & Lebedan, 1983; Letellier & Labedan, 1985; Sabelnikov, 1989) to be independent of membrane potential (Mitchell, 1976) . The synthesis of one or more proteins in the newly infected cells has been demonstrated to be required for infection by phage T5 (Lanni, 1965) . It was reported for phage T7 that transfer of the first 60% of the DNA was tightly coupled with its transcription by the host RNA polymerase (Zavriev & Vorob'ev, 1984) , although the influence of proteinsynthesis inhibitors was not investigated. Since, in our experiments, both chloramphenicol and erythromycin inhibited the injection of PL-1 DNA, it is likely that proteins synthesized during the early stages of infection and prior to complete DNA transfer itself are required for transfer of DNA from phage PL-1 to cells of L. casei. Further investigations on the participation of protein synthesis in this process are now being carried out, since chloramphenicol has been reported to inhibit a wide range of biochemical processes besides protein synthesis.
